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ŗ. Introduction
Most conventional orthopedic implants used for repairing joint and bone fractures consist of
metallic biomaterials with polycrystalline microstructure that exhibit high hardness, good
corrosion resistance and excellent fatigue and wear resistance. Usually, once the patient has
recovered from a traumatic injury, a revision surgery is necessary in order to remove the
implant from the body and avoid problems associated with osteopenia, inflammation of
adjacent tissues or sarcoma. “lternatively, to avoid post-extraction of the implant, intensive
efforts are being made in recent years to develop new classes of so-called ȃbiodegradable
implantsȄ, composed of non-toxic materials that become reabsorbed by the human body after
a reasonable period of time. These implants are usually based on polymeric materials.
However, polymeric implants are often rather costly and exhibit relatively low mechanical
strength. Sometimes organic polymers can also react with human tissues, leading to osteolysis.
For these reasons, it is highly desirable to develop cost-effective biodegradable metallic alloys,
with better mechanical performance than polymers.
“lthough biodegradation is usually associated with the breakdown of organic matter into
simple chemicals through the action of microorganisms, metals can also undergo biodegra‐
dation. “lthough corrosion should be generally avoided in the engineering field, it is advan‐
tageous for certain applications such as biodegradable implants. Since the ŗŞth century, when
“u, “g and Pt elements were used for the fabrication of biomaterials [ŗ], a large number of
alloys have been developed so far. Some of the most employed metallic biomaterials for
permanent implants are austenitic steels [Ř], Co-Cr-Mo [ř], titanium and Ti-Ŝ“l-ŚV alloys [Ś]
due to their biocompatibility and adequate mechanical behavior. To avoid post-extraction of
these materials, intensive efforts have been made in recent years to develop the so-called
© 2013 González et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
ȃbiodegradable implantsȄ. The materials of choice for biodegradable metallic implants are
iron-based [ś] and Mg-based alloys [Ŝ] owing to their relatively fast biodegradability. From
the point of view of the mechanical performance, Mg alloys are preferred because their stiffness
ǻi.e., Young´s modulusǼ is closer to that of human bone [ŝ].
Since ȃbiodegradable implantsȄ become reabsorbed by the human body after a certain period
of time, they should be composed of biocompatible alloying elements. For this reason the
potential cytotoxicity of the constituent elements of an implant material has to be seriously
considered at an early stage of material development. For example, elements such as Ni, “l,
Cr and V are not suitable to be in contact with human tissues [Ş]. Their substitution by non-
toxic elements such as Zn and Ca has permitted the fabrication of biocompatible Mg-based
alloys with potential use as biomaterials. However, the problem with some Mg alloys is their
exceedingly high corrosion rates in physiological conditions, which makes their biodegrada‐
bility to be faster than the time required to heal the bone [ş]. For this reason it is important to
decrease their degradation rate, and to keep their mechanical integrity until the bone heals.
“nother drawback of magnesium and its alloys is that corrosion is accompanied by intense
hydrogen evolution. This gas can be accumulated in pockets next to the implants or can form
subcutaneous gas bubbles.
This book chapter deals with the fundamental aspects of corrosion of magnesium based alloys
in bodily fluids and reviews the various techniques that can be used to tune their degradation
rate. The time-dependent evolution of their mechanical properties during the biodegradation
process is also outlined.
Ř. Basic aspects of corrosion
Corrosion is a surface phenomenon greatly influenced by different media-related factors
ǻchemical, electrochemical and physicalǼ in which the material is placed. The corrosion
behavior of Mg in aqueous environments proceeds by an electrochemical reaction with water
to yield magnesium hydroxide MgǻOHǼŘ and hydrogen gas [ŗŖ]Ǳ
Ř+“nodic reactionǱ Mg  Mg + Ře® ǻŗǼ
( )- -Ř ŘCathodic reactionǱ ŘH O + Ře  H g  + ŘOH® ǻŘǼ
( )Ř ŘŘOverall reactionǱ + ŘH O  Mg OH + H® ǻřǼ
The hydroxide anions generated through the cathodic reaction cause an increase of the pH of
the solution [ŗŗ] ǻeq. ǻŘǼǼ. The formation of a magnesium hydroxide MgǻOHǼŘ layer onto the
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Mg surface can further protect the metal from ongoing corrosion provided that the electrolyte
pH and/or the presence of chloride anions or other species induce breakage of the passive film.
“ccording to the potential-pH Pourbaix diagram for magnesium in pure water at Řś°C ǻFig.
ŗǼ, a passivation region exists for pH values above ŗŖ.Ś [ŗŘ] ǻalkaline environmentǼ where the
MgǻOHǼŘ layer is stable. In neutral or acid environments ǻpH lower than ŗŖ.ŚǼ this layer is
unstable. The diagram also shows that the immunity region of the diagram is below the region
of water stability. However, bodily fluids are more aggressive than pure water. ”ody fluids
are complex saline solutions containing ingredients such as proteins, blood serum, etc [ŗř].
The most common fluids to carry out in-vitro tests and thereby to predict the degradation rate
of magnesium and its alloys are Hank´s balanced salt solution ǻH”SSǼ, phosphate buffered
solution ǻP”SǼ and simulated body fluid ǻS”FǼ. “ll of them are acellular isotonic solutions ǻi.e.,
solutions with the same salt concentration as blood and cellsǼ to make the sample, cell or tissue
stable during an experiment.
H”SS [ŗŚ] is mainly composed of chloride, sodium, potassium, magnesium and calcium ions.
However, there are varieties of ingredients which can consist of glucose, potassium chloride
ǻKClǼ, potassium dihydrogen phosphate ǻKHŘPOŚǼ, sodium dihydrogen phosphate
ǻNaHŘPOŚǼ, and sodium chloride ǻNaClǼ. “dditional ingredients can include hydrated
magnesium sulfate ǻMgSOŚ ŝHŘŖǼ and sodium bicarbonate ǻNaHCOřǼ.
P”S as its name implies [ŗś] is a buffer solution consisting of a mixture of a weak acid and its
conjugate base or a weak base and its conjugate acid. It aims to maintain a neutral pH in order
not to destroy the cell or tissue sample and to maintain the osmolarity of the cells. The main
ingredients are sodium phosphate and sodium chloride ǻNaClǼ but in some recipes potassium
phosphate and potassium chloride ǻKClǼ are added.
S”F is a solution that has an inorganic ions concentration and pH almost equal to that of human
extracellular fluid ǻi.e., the human blood plasmaǼ. The ions concentration in S”F isǱ Na+ ǻŗŚŘ.ŖǼ,
K+ ǻś.ŖǼ, MgŘ+ ǻŗ.śǼ, CaŘ+ ǻŘ.śǼ, Cl− ǻŗŚŞ.ŞǼ, HCOř− ǻŚ.ŘǼ and POŚŘ− ǻŗ.ŖǼ mmol/dmř and it is
buffered at pH ŝ.Řś [ŗŜ].
Chloride ions are able to dissolve the MgǻOHǼŘ layer [ŗŝ] yielding the soluble MgClŘ salt [ŗŞ],
according to the following reactionǱ
( ) - -ŘŘMg OH + ŘCl  MgCl + ŘOH« ǻŚǼ
Chloride  ions  are  thus  detrimental  for  the  corrosion  resistance  of  passive  systems.  Yet,
other  studies  point  out  to  opposite  effects.  For  example,  chloride  ions  were  found  to
improve surface stability of Mg-Y-RE alloy in artificial plasma solution [ŗş]. Other species
can also degrade the protective passive characteristics of MgǻOHǼŘ layer. ”aril and Pébère
found that  the  addition of  increasing concentrations  of  NaHCOř  to  a  deaerated NaŘSOŚ
media  leads  to  an  accelerated  corrosion  of  magnesium due  to  dissolution  of  MgO and
MgǻOHǼŘ  films [ŘŖ].  On the  contrary,  certain  anionic  species  like  HCOř–  have beneficial
effects  and  can  be  added  to  the  electrolyte  to  increase  the  stability  of  the  corrosion
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products.The presence of dissolved OŘ appears not to play a major role in the corrosion of
magnesium when immersed in saline solutions or fresh water [Řŗ].
ř. Hydrogen evolution
One of the major drawbacks of Mg as biomaterial is the formation of HŘ gas when it is in contact
with body tissues. The evolved HŘ bubbles from magnesium implants can be accumulated and
form gas pockets that may lead to necrosis of the neighboring tissues and delay healing of the
surgery region [ŘŘ]. However, if the HŘ gas is generated slowly enough it can be transported
away from the implant and can thus be tolerated by the body. “ccording to Song [ŘŘ] a
hydrogen release rate in the human body of Ŗ.Ŗŗ ml/cmŘ/day can be tolerated. Dissolution of
Mg and concomitant hydrogen evolution can be retarded by either purification of Mg or
through appropriate alloying. Fig. Ř shows the average rate of hydrogen evolution ǻml/cmŘ/
dayǼ for commercially pure Mg ǻCP-MgǼ and different Mg alloys [ŘŘ]. The highest release of
hydrogen stands for CP-Mg, about ŘŜ ml/cmŘ/day, and decreases with the addition of certain
Figure 1. Potential-pH Pourbaix diagram for Mg in water at 25 °C.
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elements. For example, it decreases to ŗ.śŖŘ ml/cmŘ/day for ZEŚŗ alloy ǻŚ wt. % Zn, ŗ wt. %
REǼ, to Ŗ.ŘŞŖ ml/cmŘ/day for Mgŗ.ŖZn ǻŗ.Ŗ wt. % ZnǼ, to Ŗ.ŖŜŞ ml/cmŘ/day for “Zşŗ ǻş wt. %
“l, ŗ wt. % ZnǼ and to Ŗ.ŖŗŘ ml/cmŘ/day for MgŘZnŖ.ŘMn ǻŘ wt. % Zn, Ŗ.Ř wt. % MnǼ.
”y measuring the hydrogen evolution rate the corrosion rate associated with magnesium is
directly obtained since the release of one mol of HŘ implies the consumption of one mole of
Mg according to eq. ǻřǼ [Řř]. The rate of HŘ gas evolution for Mg in Hank´s solution at řŝ°C
and different pH values was studied by Ng et al. [Řř] over a period of ŝ days. They reported
that the hydrogen evolution rate decreases with the increase of the solution pH. However, the
volume of HŘ gas evolved over the time at a given pH ǻbetween ś.ś and Ŝ.ŞǼ practically does
not change. The same authors reported that the average HŘ evolution rate initially drops very
fast from ŗśř.ř to ŗ.Ŗŝş ml/cmŘ/day when the pH rises from ś.ś to ŝ.Ś but it slows down at pH
Ş.Ŗ ǻŖ.śřŚ ml/cmŘ/dayǼ [Řř]. This was attributed to the accumulation of corrosion products that
covered the sample surface, forming a progressively thicker layer with pH. Similarly, Zainal
“bidin et al. [ŘŚ] suggested that the formation of a partially protective film on MgŘZnŖ.ŘMn
and ZEŚŗ samples after long immersion times in Hank´s solution was responsible for the
decrease of the corrosion rate and concomitant HŘ evolution.
Figure 2. Hydrogen evolution in SBF and their average rates for various Mg-based alloys. Reprinted from Song G [22],
page 3, with permission from Elsevier.
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It is important to stress that magnesium shows an unusual electrochemical phenomenon
known as ȃnegative difference effectȄ ǻNDEǼ [Řś], which basically consists of an increase of
the HŘ evolution rate at more positive potentials. For most metals, hydrogen evolution
decreases with an increase of the applied potential or current density [ŘŜ].
Ś. Corrosion of Mg and Mg alloys
When Mg and its alloys are used as biomaterials for implant applications they can be subjected
to a combination of corrosion and stress ǻerosion, fatigue, etcǼ. Since galvanic and pitting
corrosion are the most common corrosion types of Mg and Mg alloys, this chapter primarily
focuses on themǱ
Ś.ŗ. Galvanic corrosion
Galvanic corrosion is an electrochemical process that occurs when two metals having different
electrochemical potentials are in close contact with a common electrolyte. Of these two metals,
the one that is more active in the galvanic series corrodes preferentially. Fig. ř shows the
galvanic series of different alloys listed in the order of the potential they exhibit in flowing
seawater [Řŝ]. The black boxes of Fig. ř correspond to the potentials in low-velocity or poorly
aerated water. The reference potential is the Standard Calomel Electrode ǻSCEǼ.
“lthough the composition of seawater differs slightly from that of saline body fluid and thus
the corrosion potential is not expected to be exactly the same, Fig. ř already gives a rough idea
of the activity of different metals and alloys. The most positive ǻnobleǼ material will be
protected against corrosion at the expense of the material with more negative potential. Since
the electrochemical potential of Mg and its alloys is located at the most negative side of this
series ǻi.e., below -ŗ.Ŝ VǼ, almost all the other metals in contact with it will be cathodically
protected. Therefore, Mg will undergo galvanic corrosionǲ i.e., galvanic couples between the
Mg metal or its alloy and the other metal will result in the dissolution of the former. The driving
force for the galvanic corrosion depends on the difference between the potential ǻi.e., nobilityǼ
of both materials.
Regrettably, the corrosion of Mg alloys not only occurs when they are in close contact with
other metals but also within the material itself. Mg alloys do not normally have a uniform
microstructure, composition and crystalline orientation. This lack of uniformity is sufficient to
promote the occurrence of galvanic couples [ŘŞ]. The galvanic effect depends on a variety of
factorsǲ the crystal orientation of the matrix phase ǻi.e., the continuous phase of pure Mg into
which the second phase/s is/are embeddedǼ, the alloying element concentrations in the matrix
phase, the type and concentration of secondary phases along grain boundaries and the type
and concentration of impurity particles in the matrix phase [ŘŞ]. In the following, the main
features having an influence of the corrosion rate of Mg are summarizedǱ
• Crystal orientation of the matrix phase: polycrystalline pure Mg matrix immersed in
neutral Ŗ.Ŗŗ M NaCl solution is more stable and corrosion resistant when grains possess a
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basal orientation [Řş]. This behavior can be explained considering that densely packed
crystallographic planes ǻi.e., basal planesǼ normally have a higher atomic coordination and
thus a lower dissolution tendency than non-compact planes [řŖ]. For this reason, by
controlling surface texture, one can improve the corrosion resistance of the material. For
example, by rolling an “Zřŗ alloy it is possible to orient most of the crystallographic basal
planes of the grains parallel to the rolling surface and thus decrease the corrosion rate of the
rolled surface [řŗ].
• Alloying element concentrations: the corrosion behavior of Mg phase can be tuned as a
function of the concentration of elements in solid solution. Depending on the nature and
distribution of these elements within the matrix phase, the occurrence of micro-galvanic
cells can be either mitigated or favored. For example, an “l-containing Mg matrix phase
becomes more passive as the “l content increases and consequently the corrosion rate
decreases [řŘ]. In as-cast Mg-“l alloys, the aluminum content in solid solution can vary from
ŗ.ś wt. % at the grain center to about ŗŘ wt. % at the grain boundary due to segregation
during solidification [řř]. Since “l has higher potential ǻFig. řǼ than Mg, corrosion mainly
occurs at the interior of Mg grains. On the contrary, in Zr-containing “l-free Mg alloys, the
central areas of the grains ǻwhich are enriched in ZrǼ do not corrode while the grain
boundaries severely corrode.
• Type and concentration of secondary phases along grain boundaries: Mg intermetallic
phases are typically nobler than the Mg matrix. “s a consequence, they act as micro-galvanic
cathodes and the dissolution of the Mg matrix is accelerated. Yet, in some cases the inter‐
metallic phases can stop the corrosion process. Hence, they actually play a dual role in the
corrosion of Mg alloys [řŚ]. Namely, the presence of a finely and continuously distributed
secondary phase can stop the corrosion process while the presence of small amount of
discontinuous secondary phase particles will accelerate it [Řś,řś].
• Type and concentration of impurity particles within the matrix phase:  the corrosion
resistance  of  Mg  alloys  can  be  improved  by  limiting  the  concentration  of  critical
impurities. However, not all the impurity elements have the same effect on the corro‐
sion behavior. Some of them have little influence while others are very detrimental to
the corrosion resistance. For example, Zn and Ca, which are frequently employed in the
biomaterials field [Ŝ,řŜ], have moderate accelerating effects on corrosion rates. Contrari‐
ly, Ni, Fe, Cu and Co are deleterious due to their low solid-solubility limits in Mg and
their ability to act as cathodic sites [řŝ]. The corrosion rate also depends on the impurity
concentration.  Each impurity has  a  tolerance limit.  For  impurity concentrations lower
than the tolerance limit, there is no significant influence on the corrosion rate, whereas
above  this  limit  the  corrosion  rate  sharply  increases  ǻFig.  ŚǼ  [řŝ].  There  is  a  rough
relationship  between  the  solubility  of  some  elements  in  Mg  alloys  and  their  critical
concentrations  [řŞ].  For  example,  the  tolerance  limit  of  Fe  in  Mg corresponds  to  the
solubility of Fe in Mg [řş].
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Figure 3. The galvanic series of metals, semi-metals and alloys of industrial interest showing their potentials (in volts)
in flowing sea water, arranged from the most noble (bottom) to the most active (top) material. The values are referred
to saturated calomel half-cell reference electrode. Adapted and reprinted from Amtec Consultants [27]
Biodegradation - Engineering and Technology320
Figure 4. Schematic picture showing the dependence of the impurity concentration on the corrosion rate of Mg. The
tolerance limit sets the threshold between the region for which an increase of the impurity concentration hardly af‐
fects the corrosion rate (left) and the region for which a further increase of the impurity concentration abruptly in‐
creases the corrosion rate.
• Amorphous versus crystalline microstructure: When a liquid is cooled below its liquidous
temperature, it either crystallizes or, if crystallization is suppressed, it forms an amorphous
solid. The microstructure and constituency of a material can be altered on purpose by means
of rapid solidification processing at quenching rates of ŗŖś-ŗŖŜ K/s [ŚŖ]. The development of
novel Mg alloys with higher glass-forming ability has permitted to obtain amorphous
materials with lower critical cooling rates. Since amorphous materials usually exhibit better
corrosion and wear resistance than their crystalline counterparts, they can be potentially
used for biomedical applications. Moreover, by controlling the crystallization events from
the early stages of solidification, it is possible to tune the microstructure ǻi.e., nature and
size of crystalline phasesǼ and, in turn, optimize the corrosion performance of the material.
This issue will be deeply tackled in section ś.ŗ.Ř.
The micro-galvanic corrosion is also dependent on the solution in which the alloy is immersed.
In a ř % NaCl solution, the secondary phases present in the “Zşŗ, ZEŚŗ and MgŘZnŖ.ŘMn
alloys can accelerate the corrosion rate. On the contrary, they do not play an important role
when these alloys are immersed in Hank´s solution [ŘŚ]. The driving force for micro-galvanic
corrosion between ΅-Mg and the secondary phases can be alleviated with the formation of a
protective surface film on ZEŚŗ and MgŘZnŖ.ŘMn during long immersion times in Hank´s
solution [ŘŚ].
Ś.Ř. Pitting corrosion
It is a type of corrosion in which there is an intense localized attack on sample surface that
leads to the formation of small holes in the metal. Mg alloys are prone to pitting corrosion
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when the passivation layer ǻwhich consists of MgǻOHǼŘ [Śŗ] or a mixture of MgO and
MgǻOHǼŘ [ŚŘ,Śř]Ǽ breaks down locally. When this occurs, the corrosion can be initiated at these
local sites that act as small anodic surface areas. “s aforementioned ǻsee sectionǱ ”asic “spects
of CorrosionǼ, this protective coating may be damaged in physiological solutions because it is
sensitive to both the chloride ion concentration and the solution pH. Physiological environ‐
ments also contain phosphates, carbonates and sulfates that have different effects on the
degradation behavior of Mg. Sulfate ions appear to stimulate the corrosion of Mg [ŚŚ] while
phosphate ions can delay pitting corrosion. Finally, carbonate ions can favor surface passiva‐
tion and inhibit chloride-induced pitting corrosion due to the precipitation of stable magne‐
sium carbonates into the pits. The presence of ions in different concentrations may explain
why corrosion in Hank´s solution is more severe than in simulated blood plasma [Śś].
Nevertheless, immersion of “Zşŗ, ZEŚŗ and MgŘZnŖ.ŘMn alloys in Hank´s solution favors
the formation of a more protective surface film than in ř% NaCl solution.
The large influence of the electrolyte composition on the corrosion behavior could explain why
the same alloy exhibits different modes of corrosion depending on the environment. For
example, a commercial “Zşŗ alloy immersed in ŗM NaOH solution for ŗ h and then re-
immersed in Ŗ.ŖŗM NaCl for řh exhibited pitting [ŚŜ] whereas the same alloy immersed in
Minimum Essential Medium ǻMEMǼ at řŝ°C and ś % COŘ exhibited general corrosion mode
[ŚŜ]. Pitting can be also initiated by small surface defects such as scratches [Śŝ]. While galvanic
corrosion is caused by local change of composition, pitting appears to be mainly influenced
by the formation of a partially protective film. In fact, for the “Zşŗ, ZEŚŗ and MgŘZnŖ.ŘMn
alloys, which are two-phase Mg alloys, their corrosion rates in Hank´s solution are similar to
that of HP-Mg despite the tendency of the second phase to accelerate the corrosion rate [ŘŚ].
The formation of a more protective and compact film on the surface of the Mg-Nd-Zn-Zr alloy
than on “Zřŗ alloy is responsible for the slower corrosion rate on the former alloy in Hank´s
solution at řŝ°C for ŘŚŖh [ŚŞ]. “fter immersion, deep pits were detected on the surface of the
“Zřŗ alloy while that of the Mg-Nd-Zn-Zr alloy remained smooth.
The corrosion rate of Mg alloys is also influenced by the flowing conditions of the physiological
environment ǻi.e., under dynamic physiological conditions the corrosion rate would slow
down compared with steady conditionsǼ. This behavior is attributed to the fact that if the Hank
´s solution is flowing, the absorption of Cl- ions on the surface of the protective layer would
be hindered. This phenomenon could explain the difference between in vitro and in vivo
corrosion of degradable Mg alloys. For example, corrosion tests of “ZşŗD and L“EŚŚŘ alloys
in physiological solution indicate that both alloys corrode about four orders of magnitude
slower in vivo than in vitro [Śş].
ś. Tuning the biodegradation rate
The main limitation of Mg alloys for their use as implant materials is their exceedingly high
corrosion rate in physiological conditions ǻi.e., pH = ŝ.Ś-ŝ.Ŝ and large chloride concentrationsǼ,
which causes their biodegradability to be faster than the time required to heal the bone [śŖ].
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For this reason it is important to decrease the degradation rate of Mg alloys to remain im‐
planted in the human body for at least ŗŘ weeks [śŗ]. Moreover, although the human body
strives to keep a constant value of the pH, the presence of a fast corroding Mg implant can lead
to local alkalinization that would unfavorably affect the pH close to the implant. Song
suggested that a pH higher than ŝ.Ş can have a poisoning effect [Řř]. These drawbacks
associated with an exceedingly fast degradation rate suggest the need to control the biode‐
gradation rate of Mg alloys.
So far, two kinds of methods have been used to slow down the corrosion rates of Mg alloysǱ
a. Surface coatings or surface modificationǱ
In a broad sense, coatings can be divided in two classesǱ conversion coatings and deposited
coatings. Conversion coatings consist of protective layers prepared using chemical ǻimmersion
in chemical baths to form calcium phosphate-containing layers, fluoride-containing layers, etcǼ
or electrochemical processes ǻpassivation, anodization, etcǼ [śŘ]. Likewise, deposited coatings
can be divided into metallic [śř-śŜ], organic [śŝ] and inorganic [śŞ,śş]. The corrosion resistance
of Mg and Mg alloys can be also improved through surface modification using various
techniques such ion implantation [ŜŖ], surface cladding and melting with laser or electron
beam, [Ŝŗ], plasma surface modification [ŜŘ], surface amorphization [Ŝ], etc.
b. ”y controlling the composition and the microstructureǱ
“lthough there are numerous review articles dealing with the growth of coatings [śŘ] and
surface modification procedures for Mg alloys [Ŝř], none of them deeply focuses, to the best
of our knowledge, on the different means to tune the corrosion rate of these materials based
on the control of their microstructure and composition. For this reason, the following section
focuses on this subject.
ś.ŗ. Compositional and microstructural control:
5.ŗ.ŗ. Microstructural modification and thermal treatment
Microstructural control is an effective means to tune the strength and corrosion resistance of
Mg alloys. More grain boundaries that act as corrosion barriers [ŜŚ,Ŝś] are formed when the
grain size is reduced. The microstructure can be refined using different severe plastic defor‐
mation ǻSPDǼ methods such as extrusion and equal channel angular extrusion ǻEC“PǼ.
Subsequent heat treatments further allow controlling the microstructure in order to tune the
mechanical and corrosion performance. There are, in fact, multiple combinations of SPD and/
or heat treatments to optimize the microstructure. For example, an alloy can be first heat treated
and then plastically deformed or an alloy can be simply heat treated from the as-cast condition
ǻi.e., without undergoing plastic deformationǼ.
“n example of microstructural optimization through heat treatments is the effective control
of the corrosion behavior of the as-cast ǻFǼ MgřNdŖ.ŘZn ǻwt. %Ǽ ǻNZǼ and MgřNdŖ.ŘZnŖ.ŚZr
ǻwt. %Ǽ ǻNZKǼ alloys through solution heat treatment ǻTŚǼ and solution heat treated and
artificially aged ǻTŜǼ in ś % NaCl solution. The TŚ treatment is carried out at śŚŖ°C for Ŝ h
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followed by water quench at Řś°C. “fter this solution treatment the alloys are artificially aged
in an oil bath at ŘŖŖ°C for ŗŜh ǻTŜǼ [ŜŜ]. Immersion tests indicate that the highest corrosion
rates stand for the as-cast samplesǱ ŗ.řśř mg/cmŘ/day and Ŗ.ŘŖř mg/cmŘ/day for NZ and NKZ
alloys, respectively. The heat treatments increase the corrosion resistance in the following
orderǱ F < TŜ < TŚ. The lowest corrosion rates values are obtained at TŚ conditions ǻŖ.ŘŜŜ
mg/cmŘ/day for NZ alloy and Ŗ.ŗŗ mg/cmŘ/day for NZK alloyǼ and only increase slightly at TŜ
conditions. The change in the corrosion rate after the heat treatments is ascribed to micro‐
structural modifications. In the as-cast condition the microstructure of both alloys consist of
΅-Mg matrix and an eutectic MgŗŘNd compound inhomogeneously distributed within the
matrix. ”ecause of the discontinuous distribution, the MgŗŘNd acts as a microgalvanic cathode
and, so, it accelerates the corrosion of the matrix. The authors reached this conclusion by
comparing the role of MgŗŘNd phase on the corrosion behavior of NZ and NZK alloys with
the role of Ά phase ǻi.e., Mgŗŝ“lŗŘǼ on the corrosion of “Z alloys [Řŝ]. Song and “trens proposed
that when the Ά phase is discontinuously distributed within the material, the corrosion rate of
“Z alloys increases ǻsee section ś.ŗ.řǼ and thus the same behavior is expected for the MgŗŘNd
phase. However, when the NZ and NZK alloys are subjected to TŚ or TŜ treatments, the
MgŗŘNd compound dissolves into the matrix and microgalvanic couples are no longer present.
The slightly higher corrosion rates detected at TŜ to TŚ is attributed to the precipitation of very
small Nd-rich precipitates. Consistently, the corrosion morphologies reveal that the localized
attack zones are more severe in the as-cast than in the TŚ condition. “lso, in the TŜ condition
the attack is slightly more severe than in TŚ condition.
For a ZEŚŗ alloy ǻŚ wt. % Zn, ŗ wt. % REǼ the corrosion behavior improves after heat treating
for ś days at śŖŖ°C [Ŝŝ]. This improvement is again related to microstructural changes that
occur during heat treatment. The MgŝZnřRE phase present in the material before heating partly
redissolves, which explains the increasing concentration of Zn and RE in the matrix. Similarly,
the corrosion resistance of the as-cast MgŗŖGdřYŖ.ŚZr ǻwt. %Ǽ alloy increases with solution
treatments due to the dissolution into the ΅-Mg matrix of the ǻGd+YǼ-rich eutectic present in
the as-cast condition [ŜŞ]. The improvement of the corrosion resistance greatly depends on the
thermal treatment. Namely, it is highest for a TŚ solution treatment ǻśŖŖ°C for Ŝ hǼ than for
any of the TŜ solution treatments ǻoil bath at ŘśŖ°C for Ŗ.ś, ŗŜ, ŗşř and śŖŖ hǼ. The reason lies
in that an increasing ageing time increases the volume fraction of secondary phase that act as
cathodes and thereby ultimately increases the corrosion rate.
The microstructure of alloys can be optimized if the temperature is properly controlled during
the dynamic recrystallization in an extrusion process. The corrosion behavior in S”F at řŝ°C
of MgřNdŖ.ŘZnŖ.ŚZr ǻwt. %Ǽ NZK alloy initially solution-treated at TŚ conditions ǻat śŚŖ°C
for ŗŖ h and then water quenched to room temperatureǼ is effectively modified by controlling
the extrusion temperature ǻŘśŖ°C, řśŖ°C and ŚśŖ°CǼ [Ŝş]. ”oth immersion and electrochemical
tests indicate that the corrosion rate in the extruded condition at ŘśŖ°C, řśŖ°C and ŚśŖ°C is
much slower than in the TŚ state. Moreover, the corrosion resistance increases with the
decrease of the extrusion temperature and so does the grain size.
Deformation processing can also have an effect on the redistribution of solutes within the
microstructure and ultimately affect the corrosion behavior. When a ZKŜŖ ǻŜ wt.% Zn, Ŗ.ś wt.
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% ZrǼ alloy is processed by an integrated extrusion combined with EC“P, it is observed that
Zn-Zr and Mg-Zn intermetallics become fractured and redistributed within the microstruc‐
ture. Electrochemical and immersion tests in NaCl electrolytes indicate that grain refinement
and redistribution of Zr and Zn solutes improve the corrosion resistance [ŝŖ].
The corrosion behavior also depends on microstructural effects such as twins, dislocations,
etc., caused by deformation processing. For example, the corrosion resistance in ř.ś % NaCl of
“Zřŗ” magnesium alloy has been studied in the initially hard rolled condition and after heat
treating at ŘŖŖ, řŖŖ, ŚŖŖ and śŖŖ°C for ř h in an inert atmosphere of argon and subsequent
quenching in water to room temperature [ŝŗ].
The initial average grain size of řś μm in the as-received condition increases with the heat
treating temperature to śŖ μm at ŘŖŖ°C ǻHT ŘŖŖǼ, Ŝś μm at řŖŖ°C ǻHT řŖŖǼ, şŖ μm at ŚŖŖ°C ǻHT
ŚŖŖǼ and to ŘśŖ μm at śŖŖ°C ǻHT śŖŖǼ. In the HTřŖŖ conditions, the microstructure is untwined
because a high density of twins are eliminated and so the intra-granular corrosion is the least.
However, in the as-received and HTŘŖŖ conditions the deformation twins and thus the
dislocation density is higher. This can explain the more serious corrosion of the HTŘŖŖ
microstructure compared with the HTřŖŖ microstructure despite the fact that the HTŘŖŖ
microstructure is finer and thus the physical corrosion barrier is larger. In other words, twins
accelerate the corrosion. From the physical metallurgy viewpoint, in the as rolled conditions
ǻi.e., after plastic deformationǼ, the amount of twins is the largest but they are progressively
annihilated as temperature increases. For this reason potentiodynamic polarization curves
show that the corrosion rate increases as the microstructure becomes more twinned.
Not only the presence of twins but also the distribution and density of dislocations are
correlated with the corrosion behavior. The “Zřŗ alloy plastically deformed by EC“P at řśŖ°C
with a pressing speed of řśŖ mm/min exhibit twins and a higher density of dislocations than
after being extruded at řśŖ°C with an extrusion ratio of ŗŖ.ŘŚ ǻin this case twins were not
observedǼ [Ŝś]. From corrosion studies in ř.ś % NaCl saturated with MgǻOHǼŘ at pH ŗŖ.ś, the
authors concluded that the corrosion rate of “Zřŗ alloy decreases after extrusion but it
increases after EC“P, suggesting that the twins and/or presence of higher density of disloca‐
tions decisively affect the corrosion rate.
The corrosion behavior of a “Zřŗ Mg alloy with different grain sizes immersed in two different
solutions, NaCl and phosphate-buffer solution ǻP”SǼ has been studied by other researchers.
The microstructure is refined by EC“P with a first pass of ŘśŖ°C and successively heat treated
to řŖŖ°C and rolled [ŝŘ]. The best corrosion behavior is attained by the alloy having finest
grains after long-term immersion in P”S [ŝŘ]. This behavior is related to the formation of a
mixed compact protective layer of P-containing compounds together with magnesium
hydroxide that promotes protection against the chloride ions. The superior corrosion behavior
of the fine-grained “Zřŗ alloy over the coarser one is attributed to the formation of a layer of
corrosion products that provides better protection against the diffusion of aggressive ions to
the surface of the material [ŝŘ].
“lthough these results suggest that the corrosion performance can be tuned by controlling the
microstructure, other factors such as the chemical composition plays a more important role.
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For example, Liao et al. [ŝř] observed that the fine grained “Zřŗ” alloy exhibits a lower
corrosion resistance than the “MŜŖ alloy with coarser grains.
5.ŗ.Ř. Amorphous and partly amorphous alloys
“s aforementioned, the grain size can be tuned by controlling the cooling rate. For certain
compositions such as “Zşŗ alloy [ŝŚ] rapid cooling is an effective technique to obtain fine grain
sizes. For other Mg-based compositions a sufficiently fast cooling rate can lead to the formation
of glassy materials. Moreover, rapid cooling allows to extend the solubility of alloying elements
in Mg alloys and to form a homogeneous single-phase structure ǻi.e., metallic glassǼ with a
very different corrosion behavior than that of crystalline Mg alloys [ŝś]. Typically, amorphous
materials possess stronger corrosion and chemical resistance than their crystalline counter‐
parts due to the absence of grain boundaries, segregated phases, secondary particles and also
due to chemical homogeneity [ŝŜ]. For this reason different Mg-based glassy materials have
been studied over the years. For example, glassy MgŜŖ+xZnřś-xCaś ǻŖ<x<ŝ at. %Ǽ ribbons of śŖ
μm in thickness can be successfully obtained by melt spinning [řŜ]. Immersion tests of these
ribbons in S”F lead to the formation of corrosion layers that are different from those found in
Zn-poor and Zn-rich alloys. For the Zn-rich alloysǻabove ŘŞ at. % ZnǼ, the Zn-rich oxygen-
containing passivating layer that is formed on the surface of the ribbon is responsible for the
more noble behavior of these alloys as compared to the Zn-poor alloys [řŜ]. Moreover, a high
Zn content appears to reduce hydrogen evolution. In fact, due to the extended solubility of Zn
in the amorphous structure of the Mg-Zn-Ca system, the MgŜŖZnřśCaś glass only exhibits
marginal hydrogen evolution during in vitro and in vivo degradation [řŜ].
Through the addition of different alloying elements to the Mg-Zn-Ca alloys family, the
corrosion behavior can be tuned as well. Small Pd additions are enough to decrease the glass
forming ability of glassy MgŝŘZnŘřCaś alloys and to shift the corrosion potential towards more
positive values [Ŝ]. Cytotoxic tests do not show the presence of death cells, which confirm that
these alloys might have potential use as implants [ŝŝ]. Cytocompatibility tests also show that
metallic glass MgŜŜZnřŖCaŚ and MgŝŖZnŘśCaś samples have higher cell viability and exhibit more
positive corrosion potential than that of as-rolled crystalline pure Mg [ŝŞ].
It is well known that glassy materials can be used as precursors of crystalline phases by
controlling the crystallization temperature and/or time. Since the corrosion behavior depends
on the structure ǻi.e., amorphous vs. crystallineǼ of the material, the extent of crystallization
can be controlled to tune the corrosion rate. For example, glassy MgŜŝZnŘŞCaś ribbons exhibit
an increase of the corrosion resistance in simulated body fluid with the increase of annealing
temperature up to a maximum and then the resistance decreases rapidly for higher tempera‐
tures. The best corrosion resistance of these ribbons is attained at ŗŜŖ°C, when the microstruc‐
ture is constituted by a metastable crystalline MgŗŖŘ.ŖŞZnřş.Ŝ phase embedded in an amorphous
matrix [ŝŜ]. This behavior was explained considering that the electrochemical activity of this
phase is similar to that of its amorphous matrix. However, the newly formed phases at ŘŘś°C
are more active and worsen the corrosion resistance of the alloy [ŝŜ].
To determine the effect that alloying elements have on the corrosion resistance of rapidly
solidified magnesium alloys, different binary Mg-based glassy alloys were studied by using
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electrochemical techniques in pH ş.Ř sodium borate [ŝş]. These studies concluded that the
corrosion rate of magnesium is decreased for larger contents of aluminium. Similarly, low
concentrations of zinc and lithium decrease the corrosion rate below that of pure magnesium
[ŝş]. These results indicate that composition has an important influence on the corrosion rate
of glassy Mg alloys, as it has also been observed in crystalline alloys.
5.ŗ.ř. Influence of alloying elements on corrosion performance
“s was explained on section Ś.ŗ, the corrosion rate of magnesium alloys depends on the nature
and concentration of impurities. The corrosion resistance can be improved either by purifying
Mg or through appropriate additions of alloying elements. Mg alloys are basically classified
[řŚ] in two groupsǱ ŗǼ those that contain “l as primary alloying element and ŘǼ those that do
not contain “l and have small amounts of Zr to refine the microstructure. “l is generally
considered as a beneficial element to improve the corrosion resistance [ŞŖ]. For small contents,
“l remains in solid solution, but above certain concentration Ά-Mgŗŝ“lŗŘ secondary particles
precipitate.
The Ά-phase is very stable in NaCl solutions and it is inert to corrosion due to the formation
of a passive thin film on its surface. However, Ά-phase is also an effective cathode, which can
explain the dual role of these precipitates in the corrosion of “Z alloys according to Song and
“trens [Řś]. “ fine and continuous distribution of Ά-phase is recommended to increase the
corrosion resistance. For example, Lunder et al. reported that “l additions higher than Ş wt.
% increase the corrosion resistance of Mg-“l alloys [Şŗ]. “n improvement of the corrosion
resistance with the “l content is also found in “Zşŗ, “ZŜŗ and “Zřŗ alloys in ś % NaCl [ŞŘ].
However, Song et al. reported an increase of the corrosion rate in NaCl in the following order
“ZśŖŗ < “ZŘŗ < “Zşŗ [Şř].
For the second family of alloys, small additions of Zr refine the microstructure of Mg and
improve the corrosion resistance [ŞŚ]. Since Zr can easily combine with impurities, especially
Fe and Ni, it can form insoluble precipitates that settle out during melting. This purification
effect of Zr enhances the corrosion resistance of Mg [Şś]. Depending on the composition, a
minimum concentration of Zr is required to observe such effect. For example, for Zr contents
from Ŗ to Ŗ.ŚŘ wt. % the corrosion resistance of MgŗŖGdřY ǻŗŖ wt. % Gd, ř wt. %Ǽ deteriorates,
whereas for higher Zr contents, ranging from Ŗ.ŚŘ to Ŗ.şř %, the corrosion resistance improves.
The distinct behavior is attributed to the differences in size and distribution of the Zr-rich
particles [ŞŜ]. “n exceedingly larger amount of Zr can lead to precipitation of Zr within the
matrix, which becomes detrimental for the corrosion performance of the alloy [řŚ].
The addition of ŗ wt. % of “l, “g, In, Mn, Sn, Zn and Zr elements decrease the volume of
evolved hydrogen gas, and thus decrease the corrosion rate, of Mg when immersed either in
S”F or in Hank´s solution [Şŝ]. On the contrary, the addition of ŗ wt. % Y or Si have a deleterious
effect on the corrosion performance.
Ca is an essential element to the body since it is a major component of human bones. For
this  reason,  it  has been used over the years to fabricate biocompatible Mg-based alloys.
The concentration of Ca has, though, to be carefully controlled to avoid the precipitation
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of MgŘCa particles ǻthat takes place for Ca contents ranging from Ŗ.Ş to ś wt.  % [ŞŞ] or
from ŗ to ř wt. % [Şş] depending on the system under studyǼ. These MgŘCa particles form
micro-galvanic cells within the Mg matrix and accelerate preferentially the dissolution of
the latter, worsening the corrosion resistance of the binary Mg-xCa alloy. For ŗ.ś wt. % Ca,
a protective oxide layer of MgO and CaO is formed after heating to śŖŖ°C for ŗh [şŖ]. The
influence of Ca on the corrosion behavior not only depends on its amount but also on the
composition of the Mg-based alloy to which it is added. For example, the addition of ŗř
wt. % Ca increases the corrosion rate of “ZşŗD alloy ǻřŝ wt. % “l, Ŗ.ś wt. % ZnǼ [şŗ]. “n
improvement of the biocorrosion resistance is also detected when Ŗ.Ř-Ŗ.Ś wt. % Ca is added
to a Mg-Si alloy since it refines the grain size and modifies the morphology of MgŘSi phase
[şŘ].  The same holds  when ŗ.Ŝ  wt.  % Zn is  added to  Mg-Si  alloy due to  the  modifica‐
tions on the MgŘSi  phase morphology derived from the additionǲ  namely from a coarse
eutectic structure to a small dot or short bar shape [şŘ]. Zn is an essential element to the
human body and capable of decreasing the corrosion rate of pure Mg in small amounts.
For example,  the corrosion rate  ǻmeasured in terms of  volume of  evolved hydrogenǼ of
CP-Mg decreases from ŘŜ ml/cmŘ/day to Ŗ.ŘŞŖ ml/cmŘ/day with the addition of ŗ wt.% Zn
[ŘŘ]. The addition of Ŝ wt. % zinc shifts the corrosion potential toward more cathodic values
and  decreases  the  in-vitro  degradation  rate  of  high  purity  Mg  in  S”F  [şř].  However,
concentrations above the equilibrium solid solubility of Zn in Mg ǻi.e., Ŝ.Ř wt. %Ǽ [şŚ] can
lead to an increase of the corrosion rate in ř % NaCl due to the formation of Ά-MgŝZnř
phase  in  the  magnesium matrix  [şś].  The  introduction  of  Mn can  help  to  decrease  the
corrosion  rate  of  Mg-Zn  alloys.  “hmed  et  al.  [şŜ]  reported  that  adding  Mn  to  a  Mg-
based alloy containing Ś to Ş wt. %. Zn decreases the dissolution rate of Mg. The corro‐
sion rate of MgŘZnŖ.ŘMn ǻŘ wt. % Zn, Ŗ.Ř wt. % MnǼ in Hank´s solution is also smaller
than that of MgŗZn ǻŗ wt. % ZnǼ [ŘŘ].
Other atypical alloying elements such as Y, Ce, Ti and Sc were reported to improve the
corrosion performance when alloyed with Mg at a level below the solubility limit [şŝ].
Ŝ. Biodegradation and mechanical integrity
The use of Mg alloys as weight-bearing implants requires that the material should have
sufficient strength not only at the moment of being implanted but also when the alloy degrades
over the time while remaining in contact with body fluids. It is important that implants keep
their strength at least until the bone heals. For this reason different studies have been carried
out to evaluate the mass loss and evolution of the strength over the implantation or immersion
time [ŝŝ].
“ccording to Pietak et al. [şŞ] the best technique to assess the degradation of Mg alloys is
measuring the mechanical integrity as a function of the incubation time. Nevertheless, the
measurement of the mass change [ŚŜ] has been more frequently used. However, this procedure
has several shortcomings due to the association of non-soluble degradation products that
precipitate on the sample and obscure the mass loss [şŞ].
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The mechanical integrity can be evaluated using various mechanical tests ǻthree-point
bending, tensile tests, nanoindentation, etcǼ. These tests can be performed under physiological
conditions or in air.
From nanoindentation tests, Pellicer et al. [ŝŝ] studied the evolution of the Young´s modulus
ǻErǼ, hardness ǻHǼ, and H/Er ratio ǻwhich is an indirect measure of the wear resistanceǼ of
amorphous MgŝŘZnŘřCaś after different immersion times in H”SS as shown in Fig. ś. The same
study was carried out on crystalline MgŝŖZnŘřCaśPdŘ alloy and the results were systematically
compared. While the stiffness of both compositions decreases with the immersion time,
hardness exhibits a more complex dependence, especially for the MgŝŘZnŘřCaś alloy. Namely,
an increase is observed after short-term immersion, which was mainly attributed to the fast
dissolution of Mg and the concomitant enrichment in Zn ǻZn is mechanically harder, so
solution hardening takes placeǼ. For longer immersion times, the dissolution progresses and
the alloy not only undergoes surface chemical change but the surface is also physically
modified with to the formation of flaws such as pores and corrugations, which cause a decrease
of hardness [ŝŝ]. The values of H/Er increase from Ŗ.Ŗśř for the as-cast MgŝŘZnŘřCaś alloy to Ŗ.ŗ
for MgŝŘZnŘřCaś after Řh immersion in H”SS at řŝ°C, thus indicating that the effect of porosity
on the Young’s modulus for short-immersion times is more noticeable than on hardness. These
results are consistent with those observed in many other metallic alloys [şş].
Figure 5. Dependence of (a) reduced Young’s modulus, Er, (b) hardness, H and (c) H/Er ratio on the immersion time in
HBBS at 37°C for Mg72Zn23Ca5 alloy. Adapted and reprinted from Pellicer et al. [77], page 8, with permission from John
Wiley&Sons.
To evaluate the mechanical integrity of “ZşŗCa alloy ǻi.e., a calcium-containing magnesium
alloyǼ in S”F at řŜ.ś°C, slow strain rate tensile tests at ŗ.ŘxŗŖ-ŝ s-ŗ were carried out [şŗ]. The
“ZşŗCa alloy shows lower elongation ǻř.ś±Ŗ.Ř %Ǽ and lower ultimate tensile strength ǻŗŖŜ±ŗŖ
MPaǼ in the S”F than in air ǻŚ.Ŝ±Ŗ.ř % and ŗŘŜ±ś MPa, respectivelyǼ. The decrease of the
mechanical performance is, however, small and thus the alloy is not highly susceptible to
corrosion in S”F. From electrochemical experiments it is observed that the “ZşŗCa alloy
exhibits improved corrosion resistance compared to the “Zşŗ alloy, which can be attributed
to the formation of calcium phosphate on the surface of the “ZşŗCa alloy. This surface film
has higher stability than the film formed on “Zşŗ alloy for this reason not only the general
corrosion resistance but also the pitting corrosion resistance improve.
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Krause et al. [ŗŖŖ] compared the evolution of the mechanical behavior of MgŖ.ŞCa ǻŞ wt.% CaǼ,
L“EŚŚŘ ǻŚ wt. % Li, Ś wt. % “l, Ř wt. % REǼ and WEŚř ǻŚ wt. % Y, ř wt. % REǼ alloys implanted
in rabbits for ř and Ŝ months by three-point bending tests. “ll the samples exhibit biodegra‐
dation as can be deduced from the loss in volume with implantation period. The MgCaŖ.Ş alloy
degrades slowly during the first ř months but its corrosion rate accelerates during the
following ř months. The L“ŚŚŘ alloy exhibits slower degradation rate than the MgŖ.ŞCa and
WEŚř alloys. The difference of degradation rate is responsible for the distinct mechanical
performance of the alloys over the time. Thee-point bending test results indicate the following
trend in the initial strengthǱ L“EŚŚŘ ǻŘśś.Ŝŝ±ś.Ŝş NǼ > WEŚř ǻŘřŞ.Ŗś ±Řŗ.ŜŞ NǼ > MgŖ.ŞCa
ǻŗŝŞ.ŝŜ±Řś.ŗś NǼ. However, after ř months the strength trend changes so that it decreases in
the following orderǱ WEŚř ǻŗŞś.śş±ŗś.ŜŚ NǼ > L“EŚŚŘ ǻŗśř.Řŗ±ŗŞ.Śś NǼ > MgŖ.ŞCa ǻŗŗś.ŚŘ±ş.ŜŜ
NǼ. “fter Ŝ months the strength follows this sequenceǱ L“EŚŚŘ ǻŗřŚ.ŜŞ±ŗŚ.ŜŞ NǼ > WEŚř
ǻŗŘŘ.Řř±Řř.Ŝś NǼ > MgŖ.ŞCa ǻśŘ.şŖ±ś.şŜ NǼ. From the results of the maximal applied force it
can be deduced that the L“EŚŚŘ alloy degrades faster during the first ř months and slower
between ř and Ŝ months. The degradation rate of MgŖ.ŞCa and WEŚř alloys is differentǲ it
decreases in a linear manner over the time [ŗŖŖ]. The ductility of the alloys was also assessed
from three-point bending tests by measuring the bending displacement but concluding results
could not be obtained due to high scattering. The MgŖ.ŞCa alloy exhibits the highest loss and
the L“EŚŚŘ the lowest loss in volume after Ŝ months.
The evolution of the bending strength of MgŜZn ǻŜ wt. % ZnǼ alloy with the immersion time
in physiological saline solution ǻŖ.ş % NaClǼ [ŞŞ] is similar to that of implanted L“EŚŚŘ alloy
[ŗŖŖ]. For short immersion times ǻi.e., ř daysǼ the degradation rate of MgŜZn is very fast
ǻŖ.ŘŖ±Ŗ.Ŗś mm/yearǼ and exhibits a large weight loss but it becomes slower ǻŖ.Ŗŝ±Ŗ.ŖŘ mm/
yearǼ for longer immersion times ǻi.e., řŖ daysǼ. The bending strength of the alloy decreases
rapidly with an initially small weight loss but then decelerates as the percentage weight loss
increases. This behavior was attributed to the formation of surface defects such as corrosion
holes during degradation.
Plates of ZEKŗŖŖ ǻŗ wt. % Zn, Ŗ.ŗ wt. % Zr, Ŗ.ŗ wt. % RE ǻrare earthǼǼ were mechanically tested
in vitro after ŗŚ ǻŘ weeksǼ, ŘŞ ǻŚ weeksǼ and ŚŘ days ǻŜ weeksǼ of immersion with a constant
laminar flow rate in H”SS via four-point bending tests [ŗŖŗ]. The bending strength decreases
from immersion week Ř to week Ś but increases again after Ŝ weeks. The lowering of the
bending strength is attributed to dissolution of the plate whereas the increase at longer times
can be explained by precipitation of calcium phosphates from the solution on the surface of
the plate. This behavior was supposed to be caused by a decrease of the implant volume during
the first Ś weeks and an increase for longer times up to Ş weeks.
The mechanical behavior of ZEKŗŖŖ alloy was also tested via three-point bending after being
implanted in rabbit tibiae for ř and Ŝ months [ŗŖŘ]. The corrosion rate increases from Ŗ.ŖŜŝ
mm/year after ř months to Ŗ.ŗśŚ mm/year after Ŝ months. The volume of the implant tends to
reduce with the increase of the implantation time. This can explain why the initial maximum
force of ŘŚŗ N ǻthe maximum force at breakageǼ decreases to ŗśř and ŗŖŖ N after ř and Ŝ months,
respectively.
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Figure Ŝ shows a comparative summary of the mechanical properties ǻcompressive yield stress,
σy,C, and Young’s modulus, EǼ of various families of materials that can be used as bioabsorbable
implants, such as metallic alloys, biodegradable polymers and ceramics. From the correlation
H ≈ C σy,C ǻwhere C is the so-called constraint factor and is normally close to ř for crystalline
metallic alloys and slightly higher for metallic glasses [ŗŖř]Ǽ the mechanical hardness is
observed to be directly proportional to σy,C.
The yield stress of Mg-Zn-Ca bulk metallic glasses is relatively large ǻFigure ŜǼ, thus indicating
that they are one of the hardest biodegradable materials reported in the literature. Moreover,
the values of Young’s modulus of glassy Mg-Zn-Ca are closer to that of cortical bone ǻEbone =
ř– ŘŖ GPaǼ than most crystalline Mg-based alloys ǻthey are also mechanically softerǼ and
synthetic hydroxyapatites. Considering that the MgŝŖZnŘřCaśPdŘ alloy is fully crystalline, its
hardness is also generally larger than that of most Mg-Zn-Ca crystalline alloys. Compared with
most Fe-based biodegradable alloys, Mg-based bulk metallic glasses are generally harder.
Moreover, Fe-based alloys are typically ferromagnetic at room temperature ǻexcept the
antiferromagnetic FeMnǼ, which precludes their use in nuclear resonance imaging techniques
for diagnostics purposes. The Young’s modulus of MgŝŘZnŘřCaś becomes closer to that of Ca-
based or Sr-based biodegradable metallic glasses after long-term immersion in H”SS as well
as to that of polymeric materials reinforced with glassy fibers. “t the same time, the hardness
of MgŝŘZnŘřCaś alloy is higher than that of all these materials.
Figure 6. Comparison of the mechanical properties (compressive yield stress, σy,C, versus Young’s modulus, E) in linear
scale for different families of biodegradable implant materials, including metallic alloys (Mg-based, Ca-based, Sr-
based, or Fe-based), ceramics (e.g., synthetic hydroxyapatites) and polymers. Adapted and reprinted from Pellicer et al.
[77], page 13, with permission from John Wiley&Sons.
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ŝ. Summary and conclusion
Magnesium and its alloys are suitable materials for biomedical applications due to their low
weight, high specific strength, stiffness close to bone and good biocompatibility. Specifically,
because magnesium exhibits a fast biodegradability, it has attracted an increasing interest over
the last years for its potential use as "biodegradable implants". However, the main limitation
is that Mg degrades too fast and that the corrosion process is accompanied by hydrogen
evolution. In these conditions, magnesium implants lose their mechanical integrity before the
bone heals and hydrogen gas accumulates inside the body. To overcome these limitations
different methods have been pursued to decrease the corrosion rate of magnesium to accept‐
able levels, including the growth of coatings ǻconversion and deposited coatingsǼ, surface
modification treatments ǻion implantation, plasma surface modification, etcǼ or via the control
of the composition and microstructure of Mg alloys themselves.
For tuning efficiently the composition and microstructure it is first necessary to understand
two of the most common types of corrosion that Mg and Mg alloys exhibitǱ galvanic and pitting
corrosion. Galvanic corrosion develops because magnesium almost always behaves anodically
in contact with other metals. Galvanic couples are usually encountered when the concentration
of the alloying element surpasses their corresponding maximum solid solubility in magnesi‐
um. The alloying element then segregates during solidification or annealing and an inhomo‐
geneous microstructure is formed. The extent of the galvanic effect depends on a number of
factors such as the crystal orientation of the magnesium matrix, the type of secondary phases
and impurity particles, the solution in which the alloy is immersed and the grain size. The
concentration and distribution of secondary phases is also important for the corrosion
behavior. “ fine and continuous distribution of secondary phases typically improves the
corrosion performance.
Mg alloys are susceptible to form a passivation layer of MgǻOHǼŘ or a mixture of MgǻOHǼŘ
and MgO in aqueous solutions. Due to the presence of chloride ions in physiological fluids,
the  protective  coating  may  be  destroyed  and  localized  attack  ǻi.e.,  pitting  corrosionǼ
initiates.  Physiological  environments  also  contain  carbonates,  phosphates,  sulfates  and
other ingredients that have different effects on the corrosion behavior of magnesium. ”efore
magnesium alloys can be used as real implants it is necessary to evaluate the biodegrada‐
bility and mechanical performance over the immersion ǻin-vitroǼ or implantation ǻin vivoǼ
time.
Acknowledgements
This work has been partially financed by the ŘŖŖş-SGR-ŗŘşŘ and M“TŘŖŗŗ-ŘŝřŞŖ-CŖŘ-Ŗŗ
research projects. S. G. acknowledges the Juan de la Cierva Fellowship from the Spanish
Ministry of Science and Innovation. M.D.”. was partially supported by an ICRE“ “cademia
award.
Biodegradation - Engineering and Technology332
Author details
S. Gonzálezŗ, E. Pellicerŗ, S. Suriñachŗ, M.D. ”aróŗ and J. SortŘ
*“ddress all correspondence toǱ Sergio.Gonzalez@uab.es
ŗ Departament de Física, Facultat de Ciències, Universitat “utònoma de ”arcelona, ”arcelona,
Spain
Ř Institució Catalana de Recerca i Estudis “vançats ǻICRE“Ǽ and Departament de Física,
Facultat de Ciències, Universitat “utònoma de ”arcelona, ”arcelona, Spain
References
[ŗ] ”hat SV. ”iomaterials. Kluwer “dademic Publishers. ”oston, MIT, US“ǲ ŘŖŖŘ. pŘŜś.
[Ř] Sumita M, Hanawa T, Teoh SH. Development of nitrogen-containing nickel-free aus‐
tenitic stainless steels for metallic biomaterials-review. Matererials Science and Engi‐
neering C ŘŖŖŚǲ ŘŚǱ ŝśř-ŝŜŖ.
[ř] Puleo D“. ”iochemical surface modification of Co-Cr-Mo. ”iomaterials ŗşşŜǲ ŗŝǱ
Řŗŝ-ŘŘŘ.
[Ś] Geetha M, Singh “K, “sokamani R, Gogia “K. Ti-based biomaterials, the ultimate
choice for orthopaedic implants. “ review. Progress in Materials Science ŘŖŖşǲ śŚǱ
řşŝ-ŚŘś.
[ś] Moravej M, Mantovani D. ”iodegradable metals for cardiovascular stent applicationǱ
interests and new opportunities. International Journal of Molecular Sciences ŘŖŗŗǲ ŗŘǱ
ŚŘśŖ-ŚŘŝŖ.
[Ŝ] González S, Pellicer E, Fornell J, ”lanquer “, ”arrios L, Ibañez E, Solsona P, Suriñach
S, ”aró MD, Nogués C, Sort J. Improved mechanical perfomance and delayed corro‐
sion phenomena in biodegradable Mg-Zn-Ca alloys through Pd-alloying. Journal of
the Mechanical ”ehavior of ”iomedical Materials ŘŖŗŘǲ ŜǱ śř-ŜŘ.
[ŝ] Hanbook of ”iomaterials Properties. InǱ ”lack J, Hasting GW ǻed.Ǽ. Chapman and
Hall. Londonǲ ŗşşŞ.
[Ş] Zhou Z, Liu X, Liu Q, Liu L. Evaluation of the potential cytotoxicity of metals associ‐
ated with implanted biomaterials ǻIǼ. Preparative ”iochemistry and ”iotechnology
ŘŖŖşǲ řşǱ Şŗ-şŗ.
[ş] Li XN, Gu ZJ, Lou SQ, Zheng YF. The development of binary Mg–Ca alloys for use as
biodegradable materials within bone. ”iomaterials ŘŖŖŞǲ ŘşǱ ŗřŘş–ŗřŚŚ.
Biodegradation and Mechanical Integrity of Magnesium and Magnesium Alloys Suitable for Implants
http://dx.doi.org/10.5772/55584
333
[ŗŖ] Godard HP, Jepson W”, ”othwell MR, Kane RL. The Corrosion of Light Metals. InǱ
John Wiley&Sons ǻed.Ǽ. New Yorkǲ ŗşŜŝ.
[ŗŗ] Wang L, Shinohara T, Zhang ”-P. Influence of deaerated condition on the corrosion
behavior of “Zřŗ magnesium alloy in dilute NaCl solutions. Matererials Transac‐
tions ŘŖŖşǲ śŖǱ ŘśŜř-ŘśŜş.
[ŗŘ] Pourbaix M. “tlas of Electrochemical Equilibrium in “queous solutions. InǱ Řnd Ed.
N“CE. Houstonǲ ŗşŝŚ.
[ŗř] “SM Handbook. Volume ŗř“ CorrosionǱ Fundamentals, Testing and Protection. InǱ
Cramer SD, Covino ”S, Jr. “SM Internationalǲ ŘŖŖř.
[ŗŚ] Lonza Walkersville Inc. httpǱ//vgn.uvm.edu/outreach/documents/Hanksbufferedsali‐
nesolution.pdf ǻaccessed Řŝ November ŘŖŗŘǼ.
[ŗś] Medicago “”. Phosphate buffered saline specification sheetǲ ŘŖŗŖ.
[ŗŜ] Kokubo T, Kushtani T, Sakka S, Kitsugi T, Yamamuro T. Solutions able to reproduce
in vivo surface-structure changes in bioactive glass-ceramic “-Wř. Journal of ”iomed‐
ical Materials Research ŗşşŖǲ ŘŚǱ ŝŘŗ-ŝřŚ.
[ŗŝ] Tunold R, Holtan H, ”erge M”H, Lasson “, Steen-Hansen R. The corrosion of mag‐
nesium in aqueous solution containing chloride ions. Corrosion Science ŗşŝŝǲ ŗŝǱ
řśř-řŜś.
[ŗŞ] Hara N, Kobayashi Y, Kagaya D, “kao N. Formation and breakdown of surface films
on magnesium and its alloys in aqueous solution. Corrosion Science ŘŖŖŝǲ ŚşǱ
ŗŜŜ-ŗŝś.
[ŗş] Quach NC, Uggowitzer PJ, Schmutz P. Corrosion behavior of an Mg-Y-RE alloy used
in biomedical applications studied by electrochemical techniques. Chemie ŘŖŖŞǲ ŗŗǱ
ŗŖŚř-ŗŖśŚ.
[ŘŖ] ”aril G, Pébère N. The corrosion of pure magnesium in aerated and deaerated so‐
dium sulphate solutions. Corrosion Science ŘŖŖŗǲ ŚřǱ Śŝŗ-ŚŞŚ.
[Řŗ] Handbook of Corrosion data. InǱ Craig ”D and “nderson D ǻed.Ǽ. Materials data ser‐
ies. Materials Park, OHǱ “SM Internationalǲ ŗşşś.
[ŘŘ] Song GL. Control of biodegradation of biocompatible magnesium alloys. Corrosion
Science ŘŖŖŝǲ ŚşǱ ŗŜşŜ-ŗŝŖŗ.
[Řř] Ng WF, Chiu KY, Cheng FT. Effect of pH on the in vitro corrosion rate of magnesium
degradable implant material. Materials Science and Engineering C ŘŖŗŖǲ řŖǱ ŞşŞ-şŖř.
[ŘŚ] Zainal “bidin NI, Martin D, “trens “. Corrosion of high purity Mg, “Zşŗ, ZEŚŗ and
MgŘZnŖ.ŘMn in Hank´s solution at room temperature. Corrosion Science ŘŖŗŗǲ śřǱ
ŞŜŘ-ŞŝŘ.
Biodegradation - Engineering and Technology334
[Řś] Song GL, “trens “. Corrosion mechanisms of magnesium alloys. “dv. Eng. Mater.
ŗşşşǲ ŗǱ ŗŗ-řř.
[ŘŜ] Song GL, “trens “, StJohn DH, Wu X, Nairn J. The anodic dissolution of magnesium
in chloride and sulphate solutions. Corrosion Science ŗşşŝǲ řşǱ ŗşŞŗ-ŘŖŖŚ.
[Řŝ] “mtec Consultants. Experts in Coatings & Corrosionǲ ŘŖŗŗ.
[ŘŞ] Song GL. Corrosion characteristics of Mg alloysǱ N“CE DOD Conference, July ŘŖŗŗ,
Palm Springs, C“.
[Řş] Song GL, Xu Z. Crystal orientation and electrochemical corrosion of polycrystalline
Mg. Corrosion Science ŘŖŗŘǲ ŜřǱ ŗŖŖ-ŗŗŘ.
[řŖ] Suárez MF, Compton RG. Dissolution of magnesium oxide in aqueous acidǱ an atom‐
ic force microscopy study, Journal of Physical Chemistry ” ŗşşŞǲ ŗŖŘǱ ŝŗśŜ–ŝŗŜŘ.
[řŗ] Song GL, Mishra R, Xu Z. Crystallographic orientation and electrochemical activity
of “Zřŗ Mg alloy. Electrochemistry Communications ŘŖŗŖǲ ŗŘǱ ŗŖŖş-ŗŖŗŘ.
[řŘ] Song GL, ”owles “, StJohn DH. Corrosion resistance of aged die cast magnesium al‐
loy “ZşŗD. Materials Science and Engineering “ ŘŖŖŚǲ řŜŜǱ ŝŚ-ŞŜ.
[řř] Dargusch MS, Dunlop GL, Pettersen K. Mg alloys and their applications. Wolfsburg,
GermanyǱ Werkstoff-Information GmbHǲ ŗşşŞ pŘŝŝ-ŘŞŘ.
[řŚ] Song GL. Recent progress in corrosion and protection of magnesium alloys. “d‐
vanced Engineering Materials ŘŖŖśǲ ŝǱ śŜř-śŞŜ.
[řś] Liu C, Xin Y, Tang G, Chu PK. Influence of heat treatment on degradation behavior
of bio-degradable die-cast “ZŜř magnesium alloy in simulated body fluid. Materials
Science and Engineering “ ŘŖŖŝǲ ŚśŜǱ řśŖ-řśŝ.
[řŜ] Zberg ”, Uggowitzer PJ, Löffler JF. MgZnCa glasses without clinically observable hy‐
drogen evolution for biodegradable implants. Nature Materials ŘŖŖşǲ ŞǱ ŞŞŝ-Şşŗ.
[řŝ] “SM Specialty Handbook - Magnesium and Magnesium “lloys. InǱ “vedesian MM
and ”aker H ǻed.Ǽ. “SM international. Materials Park, OHǲ ŗşşş.
[řŞ] Roberts CS. Chapter Mg alloy systems. InǱ Mg and its alloys, John Wiley & Sonsǲ
ŗşŜŖ. pŚŘ-ŞŖ.
[řş] Liu M, Uggowitzer PJ, Nagasekhar “V, Schmutz P, Easton M, Song G-L, “trens “.
Calculated phase diagrams and the corrosion of die cast Mg-“l alloys. Corrosion Sci‐
ence ŘŖŖşǲ śŗǱ ŜŖŘ-Ŝŗş.
[ŚŖ] Wang WH, Dong C, Shek CH. ”ulk metallic glasses. Materials Science and Engineer‐
ing R ŘŖŖŚǲ ŚŚǱ Śś-Şş.
Biodegradation and Mechanical Integrity of Magnesium and Magnesium Alloys Suitable for Implants
http://dx.doi.org/10.5772/55584
335
[Śŗ] ”adawy W“, Hilal NH, El-Rabiee M, Nady H. Electrochemical behavior of Mg and
some Mg alloys in aqueous solutions of different pH. Electrochimica “cta ŘŖŗŖǲ śśǱ
ŗŞŞŖ-ŗŞŞŝ.
[ŚŘ] Phillips RC, Kish JR. On the self-passivation tendency of Mg-“l-Zn ǻ“ZǼ alloys in
aqueous solutions. ECS Transactions ŘŖŗŘǲ ŚŗǱ ŗŜŝ-ŗŝŜ.
[Śř] Yao H”, Li Y, Wee “TS. “n XPS investigation of the oxidation/corrosion of melt-
spun Mg. “pplied Surface Science ŘŖŖŖǲ ŗśŞǱ ŗŗŘ-ŗŗş.
[ŚŚ] Xu Y, Huo K, Tao H, Tang G, Chu PK. Influence of aggressive ions on the degrada‐
tion behavior of biomedical magnesium alloy in physiological environment. “cta ”i‐
omaterialia ŘŖŖŞǲ ŚǱ ŘŖŖŞ-ŘŖŗś.
[Śś] Yang L, Zhang E. ”iocorrosion behavior of magnesium alloy in different simulated
fluids for biomedical application. Materials Science and Engineering C ŘŖŖşǲ ŘşǱ
ŗŜşŗ-ŗŜşŜ.
[ŚŜ] Kirkland NT, Lespagnol J, ”irbilis N, Staiger MP. “ survey of bio-corrosion rates of
magnesium alloys. Corrosion Science ŘŖŗŖǲ śŘǱ ŘŞŝ-Řşŗ.
[Śŝ] Chen J, Wang J, Han E-H, Ke W. In situ observation of pit initiation of passivated
“Zşŗ magnesium. Corrosion Science ŘŖŖşǲ śŗǱ Śŝŝ-ŚŞŚ.
[ŚŞ] Zong Y, Yuan G, Zhang X, Mao L, Niu J, Ding W. Comparison of biodegradable be‐
haviors of “Zřŗ and Mg-Nd-Zn-Zr alloys in Hank´s physiological solution. Materials
Science and Engineering ” ŘŖŗŘǲ ŗŝŝǱ řşś-ŚŖŗ.
[Śş] Witte F, Fischer J, Nellesen J, Crostack H-“, Kaese V, Pisch “, ”eckmann F, Windha‐
gen H. In vitro and in vivo corrosion measurements of magnesium alloys. ”iomateri‐
als ŘŖŖŜǲ ŘŝǱ ŗŖŗř-ŗŖŗŞ.
[śŖ] Li ZJ, Gu XN, Lou SQ, Zheng YF. The development of binary Mg-Ca alloys for use as
biodegradable materials within bone. ”iomaterials ŘŖŖŞǲ ŘşǱ ŗřŘş-ŗřŚŚ.
[śŗ] Staigner MP, Pietak “M, Huadmai J, Dias G. Magnesium and its alloys as orthopedic
biomaterialsǱ “ review. ”iomaterials ŘŖŖŜǲ ŘŝǱ ŗŝŘŞ-ŗŝřŚ.
[śŘ] Hornberger H, Virtanen S, ”occaccini “R. ”iomedical coatings on magnesium alloys
- “ review. “cta ”iomaterialia. ŘŖŗŘǲ ŞǱ ŘŚŚŘ-ŘŚśś.
[śř] Zhong C, Liu F, Wu Y, Le J, Liu L, He M, Zhu J, Hu W. Protective diffusion coatings
on magnesium alloysǱ “ review of recent developments. Journal of “lloys and Com‐
pounds ŘŖŗŘǲ śŘŖǱ ŗŗ-Řŗ.
[śŚ] Fukumoto S, Sugahara K, Yamamoto “, Tsubakino H. Improvement of corrosion re‐
sistance and adhesion of coating layer for magnesium alloy coated with high purity
magnesium. Mater. Trans. ŘŖŖřǲ ŚŚǱ śŗŞ-śŘř.
Biodegradation - Engineering and Technology336
[śś] Zhang E, Xu L, Yang K. Formation by ion plating of Ti-coating on pure Mg for bio‐
medical applications. Scripta Materialia ŘŖŖśǲ śřǱ śŘř-śŘŝ.
[śŜ] Cui X, Jin G, Li Q, Yang Y, Li Y, Wang F. Electroless Ni-P plating with a phytic acid
pretreatment on “ZşŗD magnesium alloy. Materials Chemistry and Physics ŘŖŗŖǲ
ŗŘŗǱ řŖŞ-řŗř.
[śŝ] Hu R-G, Zhang S, ”u J-F, Lin C-J, Song G-L. Recent progress in corrosion protection
of magnesium alloys by organic coatings. Progress in Organic Coatings ŘŖŗŘǲ ŝřǱ
ŗŘş-ŗŚŗ.
[śŞ] Feil F, F(rbeth W, Sch(tze M. Purely inorganic coatings based on nanoparticles for
magnesium alloys. Electrochimica “cta ŘŖŖşǲ śŚǱ ŘŚŝŞ-ŘŚŞŜ.
[śş] ”occaccini “R, Keim S, Ma R, Li Y, Zhitomirsky I. Electrophoretic deposition of bio‐
materials. InǱ J.R. Soc. Interface ǻed.Ǽ. ŘŖŗŖǲ ŝǱ SśŞŗ-SŜŗř.
[ŜŖ] Wu G, Xu R, Feng K, Wu S, Wu Z, Sun G, Zheng G, Li G, Chu PK. Retardation of
surface corrosion of biodegradable magnesium-based materials by aluminum ion im‐
plantation. “pplied Surface Science ŘŖŗŘǲ ŘśŞǱ ŝŜśŗ-ŝŜśŝ.
[Ŝŗ] Wang C, Li T, Yao ”, Wang R, Dong C. Laser cladding of eutectic-based Ti-Ni-“l al‐
loy coating on magnesium surface. Surface and Coatings Technology ŘŖŗŖǲ ŘŖśǱ
ŗŞş-ŗşŚ.
[ŜŘ] Yang J, Cui F-Z, Lee IS, Wang X. Plasma surface modification of magnesium alloy for
biomedical application. Surface and Coating Technology ŘŖŗŖǲ ŘŖśǱ SŗŞŘ-SŗŞŝ.
[Ŝř] Zeng R, Dietzel W, Witte F, Hort N, ”lawert C. Progress and challenge for magnesi‐
um alloys as biomaterials. “vanced ”iomaterials ŘŖŖŞǲ ŗŖǱ ”ř-”ŗŚ.
[ŜŚ] Hamu G”, Eliezer D, Wagner L. The relation between severe plastic deformation mi‐
crostructure and corrosion behavior of “Zřŗ magnesium alloy. Journal of “lloys and
Compounds ŘŖŖşǲ ŚŜŞǱ ŘŘŘ-ŘŘş.
[Ŝś] Liu CL, Xin YC, Tang GY, Chu PK. Influence of heat treatment on degradation be‐
havior of biodegradable die-cast “ZŜř magnesium alloy in simulated body fluid.
Materials Science and Engineering “ ŘŖŖŝǲ ŚśŜǱ řśŖ-řśŝ.
[ŜŜ] Chang J-W, Fu P-H, Guo X-W, Peng L-M, Ding W-J. The effects of heat treatment and
zirconium on the corrosion behavior of Mg-řNd-Ŗ.ŘZn-Ŗ.ŚZr ǻwt. %Ǽ alloy. Corrosion
Science ŘŖŖŝǲ ŚşǱ ŘŜŗŘ-ŘŜŘŝ.
[Ŝŝ] Neil WC, Forsyth M, Howlett PC, Hutchinson CR, Hilton ”RW. Corrosion of heat
treated magnesium alloy ZEŚŗ. Corrosion Science ŘŖŗŗǲ śřǱ řŘşş-řřŖŞ.
[ŜŞ] Peng L-M, Chang J-W, Guo X-W, “trens “, Ding W-J, Peng Y-H. Influence of heat
treatment and microstructure on the corrosion of magnesium alloy
Mg-ŗŖGd-řY-Ŗ.ŚZr. Journal of “pplied Electrochemistry ŘŖŖşǲ řşǱ şŗř-şŘŖ.
Biodegradation and Mechanical Integrity of Magnesium and Magnesium Alloys Suitable for Implants
http://dx.doi.org/10.5772/55584
337
[Ŝş] Zhang X, Yuan G, Mao L, Niu J, Fu P, Ding W. Effects of extrusion and heat treat‐
ment on the mechanical properties and biocorrosion behaviors of a Mg-Nd-Zn-Zr al‐
loy. Journal of the Mechanical ”ehavior of ”iomedical Materials ŘŖŗŘǲ ŝǱ ŝŝ-ŞŜ.
[ŝŖ] Orlov D, Ralston KD, ”irbilis N, Estrin Y. Enhanced corrosion resistance of Mg alloy
ZKŜŖ after processing by integrated extrusion and equal channel angular pressing
“cta Materialia ŘŖŗŗǲ śşǱ ŜŗŝŜ-ŜŗŞŜ.
[ŝŗ] “ung N, Zhou W. Effect of grain size and twins on corrosion behavior of “Zřŗ”
magnesium alloy. Corrosion Science ŘŖŗŖǲ śŘǱ śŞş-śşŚ.
[ŝŘ] “lvarez-Lopez M, Pereda MD, del Valle J“, Fernandez-Lorenzo M, Garcia-“lonso
MC. Corrosion behavior of “Zřŗ magnesium alloy with different grain sizes in simu‐
lated biological fluids. “cta ”iomaterialia ŘŖŗŖǲ ŜǱ ŗŝŜř-ŗŝŝŗ.
[ŝř] Liao J, Hotta M, Yamamoto N. Corrosion behavior of fine-grained “Zřŗ” magnesi‐
um alloy. Corrosion Science ŘŖŗŘǲ ŜŗǱ ŘŖŞ-ŘŗŚ.
[ŝŚ] Ning Z, Cao P, Wang H, Sun J, Liu D. Effect of cooling conditions on grain size of
“Zşŗ alloy. Journal of Materials Science and Technology ŘŖŖŝǲ ŘřǱ ŜŚś-ŜŚş.
[ŝś] Scully JR, Gebert “, Payer JH. Corrosion and related mechanical properties of bulk
metallic glasses. Journal of Materials Research ŘŖŖŝǲ ŘŘǱ řŖŘ-řŗř.
[ŝŜ] Wang Y, Tan MJ, Pang J, Wang Z, Jarfors “WF. In vitro corrosion behaviors of
MgŜŝZnŘŞCaś alloyǱ from amorphous to crystalline. Materials Chemistry and Phys‐
ics ŘŖŗŘǲ ŗřŚǱ ŗŖŝş-ŗŖŞŝ.
[ŝŝ] Pellicer E, González S, ”lanquer “, ”arrios L, Ibañez E, Solsona P, Suriñach S, ”aró
MD, Nogués C, Sort J. On the biodegradability, mechanical behavior, and cytocom‐
patibility of amorphous MgŝŘZnŘřCaś and crystalline MgŝŖZnŘřCaśPdŘ alloys as
temporary implant materials. J. ”iomed. Mater. Research “ ŘŖŗřǲ ŗŖŗ“Ǳ śŖŘ–śŗŝ.
[ŝŞ] Gu X, Zheng Y, Zhong S, Xi T, Wang J, Wang W. Corrosion of, and cellular responses
to Mg-Zn-Ca bulk metallic glasses. ”iomaterials ŘŖŗŖǲ řŗǱ ŗŖşř-ŗŗŖř.
[ŝş] Makar GL, Kruger J. Corrosion studies of rapidly solidified magnesium alloys. Jour‐
nal of the Electrochemical Society ŗşşŖǲ ŗřŝǱ ŚŗŚ-ŚŘŗ.
[ŞŖ] ”aliga C”, Tsakiropoulos P. Development of Corrosion Resistant Magnesium “lloysǱ
Part II. Structure of the Corrosion Products formed on the Surfaces of Rapidly Solidi‐
fied Mg-ŗŜ“l “lloys. Materials Science and Technology ŗşşřǲ şǱ śŗř-śŗş.
[Şŗ] Lunder O, Lein JE, “une TK, Nisancioglu K. The role of magnesium aluminum
ǻMgŗŝ“lŗŘǼ phase in the corrosion of magnesium alloy “Zşŗ. Corrosion ŗşŞşǲ ŚśǱ
ŝŚŗ−ŝŚŞ.
[ŞŘ] Corrosion resistance of aluminum and magnesium alloysǱ understanding, perform‐
ance and testing. InǱ Ghali E, Revie W ǻed.Ǽ. Wiley series in corrosion. John Wiley &
Sonsǲ ŘŖŗŖ.
Biodegradation - Engineering and Technology338
[Şř] Song GL, “trens “, Wu X, Zhang ”. Corrosion behavior of “ZŘŗ, “ZśŖŗ and “Zşŗ in
sodium chloride. Corrosion Science ŗşşŞǲ ŚŖǱ ŗŝŜş-ŗŝşŗ.
[ŞŚ] Song GL, StJohn D. Corrosion performance of magnesium alloys MEZ and “Zşŗ. In‐
ternational Journal of Cast Metals Research ŘŖŖŖǲ ŗŘǱ řŘŝ-řřŚ.
[Şś] Song GL, StJohn D. The effect of zirconium grain refinement on the corrosion behav‐
ior of magnesium-rare earth alloy MEZ. Journal of Light Metals ŘŖŖŘǲ ŘǱ ŗ-ŗŜ.
[ŞŜ] Sun M, Wu G, Wang W, Ding W. Effect of Zr on the microstructure, mechanical
properties and corrosion resistance of Mg-ŗŖGd-řY magnesium alloy. Materials Sci‐
ence and Engineering “ ŘŖŖşǲ śŘřǱ ŗŚś-ŗśŗ.
[Şŝ] Gu X, Zheng Y, Cheng Y, Zhong S, Xi T. In vitro corrosion and biocompatibility of
binary magnesium alloys. ”iomaterials ŘŖŖşǲ řŖǱ ŚŞŚ-ŚşŞ.
[ŞŞ] Kim W-C, Kim J-G, Lee J-Y, Seok H-K. Influence of Ca on the corrosion properties of
magnesium for biomaterials. Materials Letters ŘŖŖŞǲ ŜŘǱ ŚŗŚŜ-ŚŗŚŞ.
[Şş] Li Z, Gu X, Lou S, Zheng Y. The development of binary Mg-Ca alloys for use as bio‐
degradable materials within bone. ”iomaterials ŘŖŖŞǲ ŘşǱ ŗřŘş-ŗřŚŚ.
[şŖ] You ”S, Park WE, Chung IS. The effect of calcium additions on the oxidation behav‐
ior in magnesium alloys. Scripta Materialia ŘŖŖŖǲ ŚŘǱ ŗŖŞş-ŗŖşŚ.
[şŗ] Kannan M”, Raman RKS. In vitro degradation and mechanical integrity of calcium-
containing magnesium alloys in modified simulated body fluid. ”iomaterials ŘŖŖŞǲ
ŘşǱ ŘřŖŜ-ŘřŗŚ.
[şŘ] Zhang E, Yang L, Xu J, Chen H. Microstructure, mechanical properties and biocorro‐
sion properties of Mg-Siǻ-Ca, ZnǼ alloy for biomedical application. “cta ”iomaterialia
ŘŖŗŖǲ ŜǱ ŗŝśŜ-ŗŝŜŘ.
[şř] Zhang S, Zhang X, Zhao C, Li J, Song Y, Xie C, Tao H, Zhang Y, He Y, Jiang Y, ”ian
Y. Research on an Mg-Zn alloy as a degradable biomaterial. “cta Materialia ŘŖŗŖǲ ŜǱ
ŜŘŜ-ŜŚŖ.
[şŚ] Quan Y, Chen Z, Gong X, Yu Z. COŘ laser beam welding of dissimilar magnesium-
based alloys. Materials Science and Engineering “ ŘŖŖŞǲ ŚşŜǱ Śś-śŗ.
[şś] Kattamis TZ. Lasers in Metallurgy. InǱ Mukherjee K. and Mazumder J. ǻed.Ǽ. The
Metals Society of “IME. Warrendale, P“ǲ ŗşŞŗ. pŗ–ŗŖ.
[şŜ] “hmed S, Edyvean RGJ, Sellars CM, Jones H. Effect of addition of Mn, Ce, Nd and Si
additions on rate of dissolution of splat quenched Mg-“l and Mg-Zn alloys in řş %
NaCl solution. Materials Science and Technology ŗşşŖǲ ŜǱ ŚŜş-ŚŝŚ.
[şŝ] S(dholz “D, ”irbilis N, ”ettles CJ, Gibson M“. Corrosion behavior of Mg-alloy
“ZşŗE with atypical alloying additions. Journal of “lloys and Compounds ŘŖŖşǲ ŚŝŗǱ
ŗŖş-ŗŗś.
Biodegradation and Mechanical Integrity of Magnesium and Magnesium Alloys Suitable for Implants
http://dx.doi.org/10.5772/55584
339
[şŞ] Pietak “, Mahoney P, Dias GJ, Staigner MP. ”one-like matrix formation on magnesi‐
um and magnesium alloys. Journal of Materials ScienceǱ Materials in Medicine ŘŖŖŞǲ
ŗşǱ ŚŖŝ-Śŗś.
[şş] Tancret F, Osterstock F. Modelling the toughness of porous sintered glass beads with
various fracture mechanisms. Philosophical Magazine ŘŖŖřǲ ŞřǱ ŗŘś–ŗřŜ.
[ŗŖŖ] Krause “, von der Höh N, ”ormann D, Krause C, ”ach F-W, Windhagen H, Meyer-
Lindenberg “. Degradation behavior and mechanical properties of magnesium im‐
plants in rabbits tibiae. Journal of Materials Science ŘŖŗŖǲ ŚśǱ ŜŘŚ-ŜřŘ.
[ŗŖŗ] Waizy H, Weizbauer “, Modrejewski C, Witte F, Windhagen H, Lucas “, Kieke M,
Denkena ”, ”ehrens P, Meyer-Lindenberg “, ”ach F-W, Thorey F. In vitro corrosion
of ZEKŗŖŖ plates in Hank´s ”alanced Salt Solution. ”ioMedical Engineering OnLine
ŘŖŗŘǲ ŗŗǱ ŗŘ.
[ŗŖŘ] Huehnerschulte T“, “ngrisani N, Rittershaus D, ”ormann D, Windhagen H, Meyer-
Lindenberg “. In vivo corrosion of two novel magnesium alloys ZEKŗŖŖ and “XřŖ
and their mechanical suitability as biodegradable implants. Materials ŘŖŗŗǲ ŚǱ
ŗŗŚŚ-ŗŗŜŝ.
[ŗŖř] Fornell J, Concustell “, Suriñach S, Li WH, Cuadrado N, Gebert “, ”aró MD, Sort J.
Yielding and intrinsic plasticity of Ti-Zr-Ni-Cu-”e bulk metallic glass. Int. J. Plast.
ŘŖŖşǲ ŘśǱ ŗśŚŖ–ŗśśş.
Biodegradation - Engineering and Technology340
